Electrical relaxation data of crystalline yttria-stabilized zirconia are used to analyze the permittivity change observed in the spectra of the real part of the permittivity in ionic conducting materials. It is found that this permittivity change is independent of both temperature and mobile-ion concentration, and it is determined solely by the degree of interaction among ions in the relaxation process. This finding is at odds with an expression for the permittivity change in the framework of a proposed universal ac conductivity scaling law for glassy ionic conductors. On the other hand, not only the total permitivity change, but also the particular frequency dependence of the permittivity spectra is found to be consistent with the analysis of electrical relaxation in terms of the electric modulus. The results of this work give further support to the use of the electric modulus in describing electrical relaxation in ionic conductors.
I. INTRODUCTION
Electrical relaxation measurements are commonly used to characterize the dynamics of ionic transport in ionically conducting materials.
1- 25 Most of these measurements are performed in the frequency domain, and the experimental information obtained is often presented and analyzed in terms of the complex conductivity, *()ϭЈ()ϩiЉ(). Alternative representations of the same experimental data are the complex permittivity *()ϭЈ()ϪiЉ() and the com- where 0 is the permittivity of the free space. It is clear that, whichever representation is used, one is considering the same experimental data, and therefore, there should be no difference in the results and conclusions derived from the different approaches. However, in reality different approaches have led some workers to different conclusions. Perhaps the most dramatic difference of the different approaches is the interpretation of the dependence of the electrical relaxation dispersion on the ionic concentration. Workers using the electric modulus representation 7, 8, 10, 19, 20 have found that the dispersion narrows towards a single exponential as ionic concentration is decreased, suggesting that the width of the dispersion comes from ion-ion interaction as proposed by the coupling model. 9, 18, 25, 26 A totally different view is offered by some workers who use the real part of the complex conductivity, Ј(), to examine data. It has been recently proposed that data sets of the real part of the complex conductivity, Ј(), of various glassy ionic conductors containing a wide range of ion concentrations and at different temperatures can be scaled into a single master curve. [21] [22] [23] Roling et al. 21, 22 showed that the scaling law
holds in a series of alkali borate glasses (Na 2 O) x (B 2 O 3 ) 1Ϫx with different mobile-ion concentrations in the relatively small range 0.1ϽxϽ0.3. Sidebottom 23 analyzed another glass system (Na 2 O) x (GeO 2 ) 1Ϫx over a much wider range of sodium ion concentration (0.003ϽxϽ0.1) using the scaling law proposed by Roling et al., and he found that it fails to collapse all conductivity data onto a common curve. He proposed another scaling law of the form
͑4͒
which involves the permittivity change
In Eq. ͑5͒, ϱ is the high-frequency permittivity value determined from Ј() at sufficiently high frequencies, and s is the low-frequency value contributed from mobile ions, which is difficult to obtain from experimental data due to the usual presence of electrode polarization effects at low fre-quencies. According to Sidebottom, the hop of the mobile ion between sites is analogous to the rotation of a permanent dipole. From this analogy, he proposed that the Debye model for dipolar relaxation should give a suitable approximation to the permittivity change ⌬ϭ ␥N͑qd͒
where N is the total mobile-ion concentration, ␥ is the fraction of N which are effectively mobile, q is the charge of the mobile ions, d is the distance traversed in a single hop, and the product qd is the effective dipole of the hopping ion. A similar expression for ⌬ has been suggested by Roling. 22 In both scaling procedures suggested for the real part of the complex conductivity, the ion dynamics is described by the same master function F(u) in Eqs. ͑3͒ and ͑4͒, which follows approximately a power-law frequency dependence at high frequencies of the form F(u)Ϸ1ϩu n , with an exponent nϷ0.65. 23 The results have been interpreted by the proponents of scaling laws as evidence of the existence of a universal relaxation process in ionic conductors, which is independent of temperature and the effective mobile ion density. Although, up to now, there has been no theory or model proposed to explain why such F(u) governs the frequency dispersion of many ionic conductors. Since the same data in the electric modulus representation do not scale to any master curve, proponents of the universal scaling of the conductivity have no choice but to discredit the electric modulus representation of data. They went on to say that the conductivity, instead of the electric modulus, is the quantity more directly related to the microscopic dynamics of the ions and is the appropriate one to analyze electrical relaxation of ionically conducting materials. However, a recently published work has shown otherwise, namely, that the electric modulus spectrum is a mirror image of the microscopic ion-hopping spectrum. The only difference is a shift from the macroscopic frequency of the former to the microscopic frequency of the latter. 27 Conclusions drawn by the proponents of scaling laws, if true, would have a large impact on the interpretation of the electrical relaxation data of ionic conductors and, in particular, the interpretation of the permittivity change ⌬. Those authors defending the use of the electric modulus in describing the ionic transport dynamics have maintained a different interpretation of ⌬ for a long time. [1] [2] [3] [4] 6, 7, 19, 24, 27, 28 According to them, the permittivity change ⌬ϭK ϱ is a product of the high-frequency permittivity value and a function K which is solely determined by the shape of the electric modulus spectrum. This is very different from the expression given by Eq. ͑6͒ for ⌬, which depends on temperature, mobile-ion density, and the ion-hopping distance. Thus, these drastically different interpretations of ⌬ underscore the severe disparity in the theoretical interpretations of electrical relaxation.
It must be mentioned that all ionic conducting materials used in the previously proposed conductivity scaling are glasses or melts and therefore the ionic hopping distance d is not known or well defined in these materials. An estimate of this quantity can be obtained by using Eq. ͑6͒, but there is no way to decide definitely about the validity of this expression and the interpretation given for the proposed scaling laws. On the other hand, electrical relaxation measurements of a crystalline ionic conductor, in which the mobile ion density N and the ionic-hopping distance d are known, would constitute an ideal and critical test of the validity of Eq. ͑6͒ and the alternative interpretation of the permittivity change ⌬.
In this paper we present electrical relaxation data of a crystalline ionic conductor at different temperatures and for samples with different mobile ion densities, and show that the observed permittivity change ⌬ is both temperature and composition independent. Moreover, not only the value of ⌬, but the particular frequency dependence observed in Ј() from ϱ to s is found to be consistent with the analysis of electrical relaxation in terms of the electric modulus.
II. ELECTRICAL RELAXATION IN YTTRIA-STABILIZED ZIRCONIA
We have chosen (ZrO 2 ) 1Ϫx (Y 2 O 3 ) x , yttria-stabilized zirconia ͑YSZ͒, as an ideal material to test the validity of Eq. ͑6͒. YSZ is a crystalline ionic conductor with a cubic fluorite structure. Doping zirconia with trivalent yttria atoms creates oxygen vacancies in the crystal structure, and results in a high ionic conductivity due to the hopping of oxygen anions through the oxygen vacancies in the lattice. 15, 16 Conductivity relaxation data of samples of 8%, 10%, and 12% molar yttria content have been analyzed, in the frequency range 20 Hz to 1 MHz and at temperatures between 300 and 800 K. The 8 mol % Y 2 O 3 sample was obtained from Kerafol Co., and single crystals with 10 mol % and 12 mol % Y 2 O 3 were grown from the melt under standard atmospheric conditions. 16 Further experimental details are given in Ref. 16 , where some of the present data were already evaluated within both electric modulus and conductivity representations.
The frequency dependence of the real part of the permittivity, Ј(), is shown in Fig. 1 for samples with different yttria content and at several temperatures. Data points have been shifted horizontally in a log-log scale by using a normalization frequency for each temperature, f p , which was determined in order to collapse all data on a single curve. In spite of the emergence of strong electrode polarization effects at high temperature and low frequencies, a clear plateau is present at moderately low frequencies, and the permittivity change from the high-frequency permittivity ϱ towards a low-frequency value of s can be determined. It is found that ϱ ϭ28Ϯ1 in the whole temperature and composition ranges considered.
We can also see by inspection of Fig. 1 that the magnitude of ⌬ seems to be nearly independent of temperature and also of the mobile-ion density. The observed insensitivity of s or ⌬ to temperature is in serious disagreement with a change of s by a factor of about 1.6 predicted by Eq. ͑6͒ in the temperature range of 500-780 K, where the value of s can be determined from the experimental data. This suggests that this permittivity change ⌬ might be related to the degree of ion-ion interaction and correlation in the electrical relaxation process, as suggested by the coupling model inter-pretation of the data in the electric modulus representation, instead of being due to an effective dipole moment (qd) arising from single-ion hopping as described by Eq. ͑6͒.
III. ELECTRIC MODULUS ANALYSIS AND CALCULATION OF "… AND s
The electric modulus formalism 1-4 for the analysis of experimental macroscopic dielectric data starts with the argument that for mobile ions the appropriate quantity to consider is the decay of the electric field, E(t), under the constraint of a constant displacement vector D(t):
where E(0) is the initial electric field and ⌽(t) is the relaxation function. In the frequency domain, the electrical relaxation is appropriately represented by the electric modulus
In general, the high-frequency and low-frequency limits of the real part of the permittivity, ϱ and s , are connected by
where
Of the well-behaved, one-parameter relaxation functions, the one which gives the best fit to typical experimental data is the stretched exponential function, also known as the Kohlrausch-Williams-Watts ͑KWW͒ function, 29 ⌽͑t ͒ϭexp͓Ϫ͑ t/ ͒ ␤ ͔. ͑11͒
The exponent ␤ is a fractional number, which typically 26 falls in the range 0.4Ͻ␤Ͻ0.7 except when the ion concentration is very low. The quantity (1Ϫ␤) is a measure of the degree of correlation between ions in the ionic transport. The limit of (1Ϫ␤) going to zero corresponds to completely uncorrelated motion of mobile ions expected at extremely low ion concentrations. For this relaxation function, it can be shown by straightforward mathematics 1-4,7,24 that the value of the permittivity in the limit of low frequencies, s , is given by
where ⌫ is the gamma function. Therefore, the permittivity change ⌬ caused by the relaxation of hopping ions is given by
It is worthwhile to emphasize that the proportionality relationship between ⌬ and ϱ holds for any choice of ⌽(t) to describe electrical relaxation. Equation ͑13͒ is obtained for the choice of a KWW function, but a similar expression should be obtained for any other choice, and a comparable value of the proportionality factor should be obtained from the corresponding expression of the parameter ͑or param- The frequency axis has been shifted for each data set in order to collapse the permittivity data at different temperatures onto a single curve. The normalization frequencies f p used for each sample were calculated from the following expressions: logf p ϭ9.81-5577/T in ͑a͒, logf p ϭ11.13-5052/T in ͑b͒, and logf p ϭ11.75-4882/T in ͑c͒. Dashed lines represent the real part of the permittivity, Ј(), calculated from the fits of the electric modulus data by a KWW function with ␤ϭ0.52 ͑see text͒. Horizontal dotted lines represent the limiting values ϱ and s at high and low frequencies, respectively. The permittivity change ⌬ϭ s Ϫ ϱ is found to be independent of both temperature and mobile ion concentration.
eters͒ describing the nonexponential time dependence of the relaxation function instead of the stretch parameter ␤. More importantly, like the fractional value of (1Ϫ␤), the magnitude of ⌬ depends on the degree of ion-ion correlations ͓see Eq. ͑13͔͒. The magnitude of ⌬ would be zero for the ideal case where ion-ion correlations are nonexistent. The proportionality factor in Eq. ͑13͒ and hence ⌬ increase as (1 Ϫ␤) increases when the ion-ion correlations become more important. This is in contrast with the expression for ⌬ given by Eq. ͑6͒, which indicates that ⌬ depends neither on ϱ nor on any quantity related to the correlation between the ions in transport.
In order to compare the permittivity change ⌬ observed in our samples with that predicted by Eq. ͑13͒ we have analyzed experimental data in terms of the electric modulus approach and determine the best fit of the relaxation function ⌽(t) to a stretched exponential function. We have found that electrical relaxation data are well described by using a single exponent ␤, independent of both temperature and yttria content in the experimentally available narrow range of 8%-12%. In Fig. 2 we present the real and imaginary parts of the electric modulus spectra of samples with 12% and 8% yttria contents at several temperatures. Lines in the figure are fits of experimental data using in all cases a stretched exponential with ␤ϭ0.52 for the relaxation function ⌽(t). This finding, together with the fact that ϱ is almost constant, implies that the permittivity change ⌬ is also approximately constant according to Eq. ͑13͒. Therefore ⌬ is independent of temperature and composition and its predicted value from the electric modulus analysis is ⌬ϭ1.75 ϱ ϭ49Ϯ2.
On the other hand, according to Eq. ͑6͒, the permittivity change should depend on temperature and mobile ion density. It is known from the crystal structure of YSZ that the hopping distance of oxygen ions is 2.57 Å. For the yttria concentrations used in this work, the mobile-ion density ͑oxygen vacancies͒ varies between 2.18ϫ10 27 m Ϫ3 and 3.16 ϫ10 27 m Ϫ3 for samples with 8% and 12% molar yttria content, respectively. Assuming that all the oxygen vacancies contribute to the oxygen motion (␥ϭ1), the permittivity change should vary between ⌬ϭ70, for the sample with 8% yttria at 580 K, and ⌬ϭ138, for the sample with 12% yttria at 423 K. The calculated permittivity change is significantly larger than observed, and its temperature and composition dependences also contradict the experimental data.
Dashed lines in Figs. 1͑a͒-1͑c͒ represent the real part of the permitivitty, Ј() calculated ͓Eq. ͑2͔͒ from the fits of the electric modulus data by the stretched exponential function with ␤ϭ0.52 ͓Eqs. ͑8͒ and ͑11͔͒. From these fits the values of ϱ ϭ28Ϯ1 and s ϭ77Ϯ2 were obtained at high and low frequencies, respectively. It can be seen that there is excellent agreement of the calculated Ј() with experimental data, not only in the magnitude of the permittivity change, but also in the frequency dependence. This strongly suggests the validity of Eq. ͑13͒ instead of Eq. ͑6͒ to account for ⌬ and that the electric modulus is the appropriate approach to describe electrical relaxation in ionic conductors.
IV. CONCLUSION
From electrical relaxation data of yttria-stabilized zirconia, a crystalline ionic conductor, we have shown that the frequency dependence of Ј() including the observed magnitude of the permittivity change ⌬ is in excellent quantitative agreement with that calculated from the stretched exponential fit to the data in the electric modulus representation. In particular, as obtained from Eq. ͑13͒, ⌬ is related solely to the high-frequency permittivity value ϱ and to the nonexponential character of the relaxation function ⌽͑t͒, which is determined by the degree of interaction and correlation among ions in the ion-hopping relaxation process. The value of the parameter ␤ obtained in the stretched exponential fits is also a measure of the nonexponential character of the relaxation. We have found nearly constancy of ␤, ϱ , and ⌬ with change in temperature and ion concentration, contrary to that expected from Eq. ͑6͒.
We have also checked our experimental data against Eq. ͑6͒, recently proposed from the scaling of the real part of the ac conductivity in ionic conducting materials. Equation ͑6͒ predicts a large variation of ⌬ within the temperature and composition range investigated, at variance with the observed near constancy of the permittivity change. The anal- ogy of a hop of a mobile ion between sites to the rotation of a permanent dipole used to justify Eq. ͑6͒ should be applicable to crystalline as well as glassy or molten ionic conductors. In view of this failure and in order to salvage the situation, one might have to resort to the argument that the proposed equation ͑6͒ is applicable to glassy or molten ionic conductors and not to crystalline ionic conductors. Nonetheless, the conductivity relaxation data of crystalline ionic conductors 13, 15, 16, 30, 31 exhibit the same characteristics of glassy and molten ionic conductors. Thus, at least from a phenomenological point of view the conductivity relaxation mechanism is the same and whatever theory or model proposed for one should apply to the other. Certainly, the conductivity relaxation controlled by the ion-ion interaction and correlation being present in crystalline, glassy, and molten ionic conductors is consistent with the generality of the characteristics. It is important that any other proposed mechanism should also do the same.
